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Abstract: The Kızılırmak is the longest river in Turkey, extending from the western part of eastern Anatolia to the Black Sea, and crossing
the orogenic Central Anatolian Plateau (CAP) and Black Sea Mountains. This study focuses on the formation period of the drainage
system of the Kızılırmak River in the Cappadocia region, which is situated in the middle of the CAP. The Upper Pliocene-Quaternary
geological and geomorphological stratigraphy of the Cappadocia region was revised with new findings and those of previous studies.
In this study, the oldest terrace (Sünnetli Tepe Terrace, T0) of the Kızılırmak River was identified 214 m above the current river level.
The terrace deposit is located between the Pliocene lacustrine Kışladağ Limestone Member (~5–2.7 Ma) and the ~2.7 Ma Valibaba Tepe
ignimbrite. A minimum age for the terrace deposits was provided by the Valibaba Tepe ignimbrite, which caps the terrace. Therefore,
the terrace T0 revealed that the Kızılırmak River drainage system existed in the eastern part of the CAP after the deposition of the
Kışladağ Limestone Member (~5–2.7 Ma ago) and before the formation of the Valibaba Tepe ignimbrite 2.7 Myr ago. Contrary to most
previous studies, this finding shows that Valibaba Tepe ignimbrite cannot be included in the Late Miocene-Pliocene Ürgüp Formation,
which formed under an extensional tectonic regime and was incised by the Kızılırmak River. The data obtained showed that 17 of the
Kızılırmak River terraces that have formed since ~2.7 Ma have been preserved to the present day.
Key words: Kızılırmak River drainage system, river terrace, valley incision, Cappadocia, central Anatolia

1. Introduction
The Central Anatolian Plateau (CAP) is a small Cenozoic
orogenic plateau situated between the Pontide and Tauride
mountain belts (Figure 1A; Çiner et al., 2015a; Berndt et
al., 2018). The width of the plateau in a N-S direction is
~300 km and its width in an E-W direction is ~400 km.
The Cappadocia region is located in the central part of the
CAP and is characterized by the presence of widespread
volcanic rocks (lavas, ignimbrites, and pyroclastic
deposits) that alternate with the fluvio-lacustrine deposits
of the Upper Miocene to Quaternary age (Çiner et al,
2015b). The Miocene-Pliocene ignimbrites cover 20,000
km2 (Le Pennec et al., 1994). The Kızılırmak River and
its tributaries are actively incising the CAP and the
Cappadocia region (Doğan, 2010, 2011; Aydar et al., 2013;
Çiner et al., 2015a; Koçyiğit and Doğan, 2016; Doğan et
al., 2019a). The Kızılırmak is the longest river (1355 km) in
Turkey and curves through the CAP from its source in the
western part of eastern Anatolia before crossing the North
Anatolian Fault Zone and Central Black Sea Mountains
through steep gorges prior to its final drainage into the

Black Sea (Akkan, 1970; Yıldırım et al., 2011). Its course
is largely determined by active fault zones that formed
during the neotectonic period (Toprak, 1994; Koçyiğit and
Doğan, 2016).
Despite an increasing number of studies on the
geomorphology of the Kızılırmak River and its tributary
valleys (Akkan, 1970; Avşin-Görendağlı, 2011; Doğan,
2010, 2011; Yıldırım et al., 2011, 2013; Çiner et al., 2015a;
Berndt et al., 2018), it is unclear at present when and
how the current drainage system of the river was formed.
Recently, Meijers et al. (2020) estimated the timing of the
final fluvio-lacustrine sedimentation of numerous MioPliocene CAP basins using 40Ar/39Ar chronology and
magnetostratigraphy. For most basins, including some
that are currently drained by the Kızılırmak River, the
estimates range between 5.5 and 3.5 Ma.
The largest amount of data related to the Quaternary
evolution of the Kızılırmak River in the CAP obtained
in the northern part of Cappadocia (Doğan, 2011; Çiner
et al., 2015a; Koçyiğit and Doğan, 2016; Doğan et al.,
2019a). Doğan (2011) suggested that the drainage system
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of the river was formed before an inverted tributary
dated to around 2 Ma, and after the emplacement of the
2.7 Ma Valibaba Tepe ignimbrite, which is the regional
key-horizon (Innocenti et al., 1975; Şen et al., 2003;
Mues-Schumacher et al., 2004; Le Pennec et al., 2005;
Doğan, 2011; Aydar et al., 2012; 2013; Lepetit et al., 2014;
Doğan et al., 2019a). Koçyiğit and Doğan (2016), and
Doğan et al. (2019a) argued that the Kızılırmak drainage
system was established at the beginning of Quaternary at
approximately 2.6 Ma, after the deposition of the Pliocene
lacustrine Kışladağ Limestone Member. However, the
history of the river prior to the inverted tributary in the
Cappadocia region, dating back to 1989 ka (Doğan, 2011),
has not been elucidated thus far.
This study aimed to introduce the findings on the
Sünnetli Tepe terrace and reveal the formation period
of the drainage system of the river in the Cappadocia
region. First, the stratigraphic position of the Sünnetli
Tepe terrace, in between the Pliocene and Quaternary
deposits, was determined. Second, it was aimed to
revise the late Pliocene stratigraphy of the region and
the morphostratigraphy of the Kızılırmak River valley
(Doğan, 2011), thus creating a new Quaternary geologicalgeomorphological stratigraphic section. In this study, an
examination of Sünnetli Tepe terrace, the highest terrace
of the river, which is located near the town of Avanos in
the northeastern part of Cappadocia, made it possible to
eliminate this deficiency to a great extent (Figure 1B).
2. Geological and geomorphological setting
The Cappadocia region is a plateau consisting of thick
volcano-sedimentary rocks (Figure 2; Pasquaré, 1968;
Innocenti et al., 1975; Pasquaré et al., 1988; Le Pennec et
al., 1994; Mues-Schumacher and Schumacher, 1996; Temel
et al., 1998; Piper et al., 2002, 2013; Le Pennec et al., 2005;
Viereck-Götte et al., 2010; Doğan, 2011; Aydar et al., 2012,
2013; Lepetit et al., 2014; Çiner et al., 2015a,b; Koçyiğit
and Doğan, 2016; Doğan et al., 2019a). The ignimbriteintercalated fluvio-lacustrine sediments deposited during
the Late Miocene-Pliocene were first named the Ürgüp
Formation by Pasquaré (1968). The Ürgüp Formation was
deposited under an extensional tectonic regime (Toprak,
1994; Koçyiğit and Doğan, 2016). A strike-slip neotectonic
regime commenced at the beginning of Quaternary
(Koçyiğit and Doğan, 2016; Doğan et al., 2019b).
The stratigraphic framework of Cappadocia ignimbrites
has been well-established by absolute dating techniques.
The ignimbrite and fluvio-lacustrine sediment alternation
in the Ürgüp Formation started with the Kavak ignimbrite,
dated to 9.2 Ma, and ended with the lacustrine Pliocene
Kışladağ Limestone Member (Figure 2). The Kışladağ
Limestone Member is exposed around Ürgüp at Mt.
Kışladağ, Sofular-Aktepe hill, Mt. Topuzdağ, Şahinefendi,

Güzelöz (Göz et al., 2014), and Valibaba Tepe sections.
The Kışladağ Limestone Member description herein did
not include the late Miocene limestone in and around
Cappadocia region, such as the Bayramhacı and Kozaklı
limestone sections (Göz et al., 2013; Meijers et al., 2020).
Therefore, the Kışladağ limestone sections stratigraphically
overlying the Kızılkaya ignimbrite in the study area were
dated to 5.19 ± 0.07 Ma using the 40Ar/39Ar technique
(Figure 2; Aydar et al., 2012). Le Pennec et al. (2005)
assigned a Ruscinian Stage (5.3–3.2 Ma) to the Kışladağ
limestone, which covers a large area between Şahinefendi
and Güzelöz outside of the study area (Göz et al., 2014).
The Kışladağ limestone in the Güzelöz section starts just
above the Kızılkaya ignimbrite (Göz et al., 2014; Meijers
et al., 2020). The age of the Güzelöz section according to
pollen analysis points to 4.5–3 Ma (Yavuz and Toprak,
2010; Gürbüz et al., 2019). Meijers et al. (2018, 2020)
assigned an age of between 4.4 and 3.5 Ma to the Kışladağ
limestone in the Güzelöz section. Therefore, the upper age
limit of the Kışladağ Limestone Member is ~ 3.5–3 Ma and
represents the late Pliocene lacustrine environment in the
region (Pasquaré, 1968; Le Pennec et al., 2005; Göz et al.,
2014; Gürbüz et al., 2019).
The Valibaba Tepe (or İncesu) ignimbrite caps the
Kışladağ Limestone Member (Pasquare, 1968; Pasquare
et al., 1988; Le Pennec et al., 2005), which was dated to
between 3.0 and 2.52 Ma using the K/Ar and 40Ar/39Ar
technique (Innocenti et al., 1975; Mues-Schumacher
and Schumacher, 1996; Aydar et al., 2012; Higgins et al.,
2015). Unlike the 9 ignimbrite members in the Ürgüp
Formation, the Valibaba Tepe ignimbrite belongs to the
Koçdağ volcanics, which form the oldest of the 2 stages
of the Mt. Erciyes stratovolcano activity (Şen et al., 2003;
Mues-Schumacher et al., 2004; Figure 1). The remnant of
this Koçdağ volcano constitutes the eastern flank of Mt.
Erciyes (Şen et al., 2003).
According to previous studies (Doğan, 2010, 2011;
Koçyiğit and Doğan, 2016; Doğan et al., 2019a), the
Kızılırmak River drainage system was formed over the
Ürgüp Formation at the beginning of Quaternary with
the end of the extensional regime and start of a strikeslip neotectonic regime. Tectonic studies revealed that the
river settled in the Avanos and Salanda strike-slip fault
zones during the Quaternary (Koçyiğit and Doğan, 2016).
The Kızılırmak River and its tributaries deeply incised the
Cappadocia region (~160 m around Gülşehir and ~430 m
in Damsa Valley) during the Quaternary (Doğan, 2011;
Aydar et al., 2013; Çiner et al., 2015a; Doğan et al., 2019a).
The evolution of the Kızılırmak River in the last 2
Myr in the Cappadocia region was disclosed in detail by
creating geomorphological maps and cross-sections, core
drilling, 40Ar/39Ar, radiocarbon, and cosmogenic nuclide
dating [terrestrial cosmogenic nuclides (TCNs)] (Figure
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Figure 1. A) Location of study area. Some features are shown by abbreviations on the map: CR: Cappadocia region. NAFZ: North
Anatolian Fault Zone. EAFZ: East Anatolian Fault Zone. TGFZ: Tuz Gölü Fault Zone. B) Geomorphological map of study area showing
the dated ignimbrite, terraces, and basalt locations in previous studies.

1B; Doğan, 2010, 2011; Avşin-Görendağlı, 2011; Çiner et
al., 2015a; Koçyiğit and Doğan, 2016; Doğan et al., 2019a).
A total of 15 river terraces were described and 4 of the
levels were dated using the 40Ar/39Ar method (Doğan,
2011). These terrace levels, identified from 160 m to 5 m
above the recent elevation of the Kızılırmak River bed,
were labeled as T1 (T1A in this study; Figure 3) through
to T15.
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3. Methods
The 2 methods primarily used in the study were geological
and geomorphological research in the field, together
with the compilation of cross-sections of crucial hills
and terraces. The Sünnetli Tepe terrace deposits were
stratigraphically logged and measured (Figures 4 and 5).
The radiometric ages of the ignimbrite layers and river
terraces were adapted from previous studies (Doğan, 2010;
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Figure 2. Composite stratigraphic column, crystallization, and eruption ages of
the Central Anatolia volcanic province (from Aydar et al., 2012).

2011; Aydar et al., 2012; Çiner et al., 2015a; Higgins et al.,
2015; Atıcı et al., 2019). The stratigraphy of the Kışladağ,
Aktepe, Sünnetli Tepe, and Valibaba Tepe hills were logged
and their layers were correlated. The Pliocene-Quaternary
stratigraphy of the study area and the generalized crosssection of Kızılırmak River Valley was revised (Doğan,
2011).
4. Results
4.1. Sünnetli Tepe (T0) terrace
A terrace of the Kızılırmak River was found that had been
undetected to date on Sünnetli Tepe (Tepe is Turkish for

hill), north of the Cappadocia region, at 1174 m above
sea level (Figures 1B and 4). Among the 15 terrace steps
in this region identified by Doğan (2011), the oldest
was numbered T1 and the youngest T15 (Figure 1B).
Therefore, this highest terrace was numbered T0. Sünnetli
Tepe, located just south of the Kızılırmak River valley, is
near the village of Karahüyük and the Avanos-Kayseri
highway. This hill is a butte formed by river erosion. The
hill is located between Çavuşin and Karahüyük strike-slip
faults (Koçyiğit and Doğan, 2016) and is capped by the
welded Valibaba Tepe ignimbrite (Figures 5A and 5B). The
ignimbrite cap was effective in protecting the underlying
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Figure 3. A) The Evren Ridge Basalt (1989 ka) flowed as far as the Kızılırmak River
valley floor (about 16 km) within a paleo-tributary of the river and fossilized its valley
floor. The tributary valley turned into a reversed valley (or ridge) after the basalt flows
discontinued (Doğan, 2011). B) T1A terrace is overlain by the Evren Ridge Basalt
(Doğan, 2011). C) Close-up view of the T1A terrace deposit.

volcano-sedimentary sequence of the hill against erosion.
Unlike the predetermined terraces of the Kızılırmak River
in this region (Avşin-Görendağlı, 2011; Doğan, 2011), the
terrace deposit on Sünnetli Tepe formed on the upper layers
of the late Miocene to late Pliocene Ürgüp Formation. The
terrace deposit had been covered with slope scree, which
we removed later. The upper level of the terrace deposit is
214 m higher than the current river bed of the Kızılırmak
River (see Figure 4).
The terrace deposit is also underlain by an ignimbrite
layer (Figure 5A). The lower ignimbrite layer starts
with fallout deposits with a thickness of ca. 1 m and
continues with welded ignimbrite (Figure 5C). This layer
was described by Aydar et al. (2013) as the Kızılkaya
ignimbrite. The ignimbrite layer continues upward with
mudstones of the late Miocene Aksalur conglomerate unit.
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This mudstone layer overlies a beige diatomite layer of
approximately 2 m in thickness, which is in turn overlain
by 2 m-thick river gravels with an erosional base (Figures
6A and 6B). The long axes of the gravels extend up to 8
cm (Figure 6C) and the gravels are generally moderately
sorted.
Analyses of the lithology of the gravels, showed
their derivation from the upper basin of the Kızılırmak
River, and that they are composed of rocks similar to the
gravels in the younger and modern terraces of the river.
Terrace T0 deposits mostly contain well-rounded schist,
quartzite, marble, spilite, radiolarite, diabase, chert, and
conglomeratic gravels. Young terraces of the Kızılırmak
River also contain basalt, limestone, and ignimbrite gravels
derived from regional rocks. Analyses of the lithology of
the upper Miocene Aksalur conglomerate gravels showed
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Figure 4. A) Detailed topographic map of the study area showing important geological and geomorphological formations. B) Northsouth oriented cross-sections of Sünnetli Tepe terrace.
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Figure 5. A) Stratigraphic section of Sünnetli Tepe. B) Close-up view of Valibaba Tepe
ignimbrite. C) Closer view of the cream-colored fallout deposits and ignimbrite in
Aksalur conglomerate.

that they are mostly derived from Mt. Topuz volcanic
rocks (Figure 1B).
There is a 60-cm-thick silt deposit on top of the gravels
(Figure 6D). The silt layer gradually transitions to a white
diatomite layer with a thickness of 2 m. The silt and the
diatomite deposits reflect a flood plain environment.
Above the diatomite layer are reddish-colored clay and
silt deposits with a thickness of about 4 m (Figure 6A),
which we interpret as a flood plain deposit. The flood plain
deposits are overlain by welded Valibaba Tepe ignimbrite
with a thickness of about 1 m (Figure 7A). This ignimbrite,
which caps Sünnetli Tepe, has survived to date as a circular
cap with a diameter of ~5 m at the top of the hill.
The Valibaba Tepe ignimbrite was dated as 2.7–3.0 Ma
by Innocenti et al. (1975) using the K/Ar method, and
2.52 ± 0.49 Ma and 2.73 ± 0.08 Ma by Aydar et al. (2012)
and Higgins et al. (2015), respectively, using the 40Ar/39Ar
method. Herein, a 2.7 Ma age was assumed for the Valibaba
Tepe ignimbrite. Collectively, the current observations and
analyses indicated that the oldest channel and flood plain
deposits of the Kızılırmak River were formed earlier than
the Valibaba Tepe ignimbrite and that the upper part of the
terrace deposits may be of the same age as this ignimbrite.
The absence of the Kışladağ Limestone Member on
Sünnetli Tepe makes it difficult to limit the age of the
terrace deposit from below. However, the Valibaba Tepe
hill section, 6 km southeast of Sünnetli Tepe, and Mt.
Kışladağ, 5 km to the southwest, facilitate resolving this
problem (Figure 4A).
4.2. Valibaba Tepe hill section
Valibaba Tepe hill is located 6 km southeast of Sünnetli
Tepe. On Valibaba Tepe hill, the sequence starts with the
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Kızılkaya ignimbrite at the bottom and continues with
the Kışladağ Limestone Member and the Valibaba Tepe
ignimbrite, which was named after this particular hill
(Figures 7A and 7B; Pasquaré et al., 1988).
4.3. Mt. Kışladağ section
The Mt Kışladağ section can be separated into 2 parts, as
Mt. Kışladağ and Aktepe hill (Figure 4A). Mt Kışladağ is
located 7 km southwest of Sünnetli Tepe. Mt. Kışladağ is the
type locality of the Pliocene Kışladağ Limestone Member
(Figures 4 and 8; Pasquaré, 1968). Here, the sequence
starts with the Bozca ignimbrite at the bottom (Piper et al.,
2013) which is overlain by a first interval of lake deposits
(sandstone, limestone, claystone). The lake deposits
are overlain by the Sofular ignimbrite, dated to 8.17 Ma
(40Ar/39Ar; Aydar et al., 2012). The Sofular ignimbrite is
overlain by a second interval of lake deposits (diatomit),
followed by the fluvial Aksalur (Salur) conglomerate. Piper
et al. (2013) and Lepetit et al. (2014) placed the fluvial
deposits between Sarimaden Tepe and the Cemilköy
ignimbrites. However, based on the sections of Mt Kışladağ
and Aktepe hill, it is suggested that the depositional process
of the Aksalur conglomerate continued into the Pliocene
around Mt. Kışladağ. The entire section is covered by the
Kışladağ Limestone Member, which directly overlies the
conglomerate unit.
4.4. Establishment of the Kızılırmak River drainage
system in Cappadocia
Based on the stratigraphies and proximity of Mt. Kışladağ,
Aktepe hill, Sünnetli Tepe and Valibaba Tepe hill, the
late Miocene-Pliocene sections in the study area were
correlated (Figure 9). Their correlation suggested that the
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Figure 6. A) Terrace T0 deposits about 7 m in thickness. B) and C) close-up views of terrace gravels. D) Silt deposits overlying
gravels. The silt deposits gradually transition to a diatomite layer.

Kışladağ limestone, which is not present in the Sünnetli
Tepe section, was possibly removed by erosion of the
Kızılırmak River.
This correlation suggests that the Kızılırmak River
drainage system was established before the formation of
Valibaba Tepe ignimbrite in the Cappadocia region, but
after the deposition of the Kışladağ Limestone Member.
In other words, the formation of the drainage system
of the river probably ended the Pliocene lacustrine
environment with associated carbonate deposition in
the region. Considering the incision and aggradation
processes required for configuration of terrace T0 deposit,
it was concluded that the Kızılırmak River has existed in
Cappadocia since at least in ~2.7 Ma. However, if the age
of the Kışladağ Limestone Member is taken into account,

the upper basin of the Kızılırmak River drainage system
(in the Cappadocia region and Sivas Basin) may be older
than 2.7 Ma.
Based on the age of the Valibaba Tepe ignimbrite and
the elevation of terrace T0 above the modern Kızılırmak
River (214 m), the regional incision rate or uplift rate of
0.08 mm/yr can be calculated during the last 2.7 Ma.
5. Discussion
4.2. Formation of the Kızılırmak River drainage system
The most crucial evidence for the start of the formation
period of the Kızılırmak River drainage system in the
CAP is terrace T0. The results showed that the terrace
is stratigraphically located between the Valibaba Tepe
ignimbrite and Kışladağ Limestone Member. The Valibaba
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Figure 7. A) Valibaba Tepe ignimbrite covering floodplain deposits of terrace T0. B) Pliocene Kışladağ Limestone Member
overlain by Valibaba Tepe ignimbrite on a Valibaba Tepe hill.

Tepe ignimbrite capping terrace T0 was dated to ~2.7 Ma
(Higgins et al., 2015), thus providing a minimum age for
the youngest underlying fluvial deposit.
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The Kışladağ Limestone Member must have been
eroded on Sünnetli Tepe by the Kızılırmak River before the
formation of terrace T0. In this process, tens of thousands

DOĞAN and ŞENKUL / Turkish J Earth Sci

Figure 8. A) Stratigraphic section of Mt. Kışladağ. B) and C) close-up views of Pliocene Kışladağ limestone.

of years must have passed, because the thickness of the
limestone is more than 20 m in the Mt. Kışladağ section.
In previous studies, the age of the Kışladağ Limestone
Member was attributed to between 5 and 3 Ma (Le Pennec
et al., 2005; Özsayın et al., 2013; Doğan et al., 2019a,b).
In the Güzelöz section, where the Kışladağ Limestone
Member starts, just above the 5 Ma Kızılkaya ignimbrite,
its age was estimated to range between 4.4 and 3.5 Ma
(Meijers et al. (2018, 2020). On the other hand, Meijers
et al. (2020) attributed the age of the Kışladağ limestone
to around 3.7 Ma, according to the sedimentation rate
between the 2 ignimbrite units at Boğazlıyan, located in
the western part of the Cappadocia region. Therefore,
it was assumed that the deposition time of the Kışladağ
Limestone Member was between ~5 and 2.7 Ma.
Terrace T0 revealed that the Kızılırmak drainage
system formed in the east of the CAP after the deposition

of the Kışladağ limestone and before the formation of the
Valibaba Tepe ignimbrite. Therefore, it was concluded
that the Kızılırmak River drainage system took its current
form at least around ~2.7 Ma ago, after the river-capturing
process of the Central Anatolian Pliocene lakes. Similarly,
based on the stratigraphy of Belisırma section, Doğan et
al. (2019b) suggested that the deposition of the Kışladağ
limestone in the Melendiz Stream Basin in the western
part of the Cappadocia region ended at ~3 Ma, and that
the drainage system of the Melendiz Stream formed at the
beginning of Quaternary.
4.2. Revised stratigraphies of the Ürgüp Formation and
Kızılırmak River terraces
The results showed that the late Pliocene-Pleistocene
geologic and geomorphologic stratigraphy of the
Cappadocia region needs to be revised (Figure 10). First,
the Valibaba Tepe ignimbrite should not be included in

1109

DOĞAN and ŞENKUL / Turkish J Earth Sci

Figure 9. Sketches of the stratigraphies of the Kışladağ, Aktepe, Sünnetli Tepe, and Valibaba Tepe hill sections. The ignimbrite
level just below the Kışladağ Limestone Member in the Mt. Kışladağ section was adapted from Göz et al. (2014).

the Ürgüp Formation because it was emplaced after the
establishment of the Kızılırmak River drainage system and
the onset of the strike-slip tectonic regime in the region.
The Kızılırmak River terrace unconformably overlies the
Kışladağ Limestone Member (Figure 10). During incision
of the Kızılırmak River in the region, the activity of Mt.
Erciyes volcanism (Koçdağ stage) led to the emplacement
of the Valibaba Tepe ignimbrite (Şen et al., 2003; MuesSchumacher et al., 2004). Therefore, the stratigraphy of
the Ürgüp Formation in the Cappadocia region should be
limited to the Kışladağ Limestone Member.
These recent findings invalidated some previous views
on the river drainage system (Doğan, 2011; Koçyiğit and
Doğan, 2016) but supported others (Doğan et al., 2019a).
For example, Doğan (2011), and Koçyiğit and Doğan
(2016) suggested that the drainage system of the Kızılırmak
River was formed after the Valibaba Tepe ignimbrite
emplacement. Doğan (2011) proposed that the Kızılırmak
drainage system might have been formed between 2.6 and
2.2 Ma in the Cappadocia region, taking into account the
time it took for the formation of an inverted tributary and
its valley, dating back to 2 Ma. Similarly, the incision in
the Zamantı River Basin predates the emplacement of the
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Valibaba Tepe ignimbrite (see supplemental material in
Meijers et al., 2020).
The discovery of terrace T0, along with a study by
Çiner et al. (2015a), allowed for the revision of the river
terrace stratigraphy along a cross-section of the Kızılırmak
River valley in northern Cappadocia (Figure 11; Doğan
et al. 2011). Doğan (2011) dated 4 basalt flows that cap 4
fluvial terraces using the 40Ar/39Ar technique (Figures 1B
and 10). Moreover, 6 other terrace steps in the same area
were dated using the cosmogenic nuclide method (TCN;
Çiner et al., 2015a), of which 4 were used in this study
(Figures 1B and 10), including terraces T6 and T8, which
were dated to 1890 ± 100 ka and 1360 ka, respectively
(Çiner et al., 2015a). Çiner et al. (2015a) numbered these
terraces by taking the elevation and designation of the 15
terraces (T1 to T15) into account, as determined by Doğan
(2011). Herein, the terraces were renamed based on the
ages provided in the 2 studies and the age of the newly
found terrace T0, and terraces T8 and T6 to terraces T1B
and T2, respectively. The adaptation of these terraces and
their ages to the cross-section of the valley produced by
Doğan (2011) required terrace T1 to be renamed as T1A,
thereby increasing the number of terraces from 15 to 17.
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Figure 10. Pliocene-Quaternary column section of the study area.

Figure 11. Revised generalized cross-section of Kızılırmak River Valley in the study area after Doğan (2011). TCNs (Çiner et al., 2015a)
and new 40Ar/39Ar ages (Higgins et al., 2015) were added to the figure.

This updated geomorphologic cross-section showed that
17 terraces of the Kızılırmak River have been preserved to
date in the Cappadocia region, the oldest one having an age
of ~2.7 Ma (Figure 11). The number of terraces may increase
with subsequent studies and it may be necessary to update

this section of the valley profile again. As such, the Kızılırmak
River valley in the Cappadocia region is the section where
the most terrace steps have been identified thus far over
the entire river course. At other locations, 8 terrace levels
were identified in the lower section of the Kızılırmak River
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(between Delice River and Bafra Delta; Akkan, 1970) and 9
terrace levels were identified in the northern section of the
Central Black Sea Mountains (Berndt et al., 2018).
Terrace T0 is located 214 m above the Kızılırmak River,
around Küllüce village (Figure 4). Accordingly, the amount
of uplift/river incision in the last 2.7 Myr around Sünnetli
Tepe was calculated as 0.08 mm/yr. This uplift rate was
consistent with the incision rate that was calculated for the
last 2 Myr based on terrace T1 (T1A in the revised crosssection), which is elevated 160 m above the Kızılırmak
valley bottom west of Gülşehir and covered by the Evren
Ridge Basalt (Doğan, 2011).
A lower valley incision rate of 0.053 m/yr was calculated
for the Kızılırmak River near Avanos (south of Sarıhıdır)
over the last ~1.9 Myr (TCN technique; Çiner et al., 2015a).
The incision rate of Damsa valley, which is a tributary
river valley of the Kızılırmak River that has a depth of
approximately 430 m, is ~0.17 mm/yr in ~2.5 Ma (Doğan
et al., 2019a). The middle parts of the Damsa valley were
tectonically uplifted by the Çavuşin and Karahüyük faults
(Koçyiğit and Doğan, 2016), which led to much higher
incision rates in the Damsa valley than in the Kızılırmak
River valley (Doğan et al., 2019a). Hence, local tectonic
activity led to a variation in the incision rates in the
Kızılırmak River valley and its tributaries in the Cappadocia
region during Quaternary.
Collectively, these new findings, and those of previous
studies, revealed the formation period of the Kızılırmak
River drainage system in the CAP and the evolution of
the river valley in the Cappadocia region to a great extent.
Further studies should focus on identifying and dating the
terrace steps of unknown age.

6. Conclusion
The oldest identified terrace (T0) of the Kızılırmak River
in Cappadocia (Sünnetli Tepe, east of Avanos) is elevated
214 m above the river level. The terrace consists of channel
and flood plain deposits with a thickness of approximately
7 m, and unconformably overlies the Pliocene lacustrine
Kışladağ Limestone Member (5–2.7 Ma) of the Ürgüp
Formation. Terrace T0 is overlain by the Valibaba Tepe
ignimbrite (~2.7 Ma), thus providing a minimum age for
the youngest underlying fluvial deposit. Given the above
age constraints, the drainage system of the upper Kızılırmak
River in the CAP was established at least before 2.7 Ma
following lacustrine sedimentation in a late Pliocene lake
(or lakes). The stratigraphic correlations herein revealed
that the Valibaba Tepe ignimbrite should not be considered
a member of the Ürgüp Formation, which was incised
by the Kızılırmak River before ignimbrite emplacement.
The 17 terraces that formed in the ~2.7 Myr-long history
of the Kızılırmak River in the Cappadocia region have
been preserved to date. Based on the newly identified
oldest terrace of the Kızılırmak River (T0), a 0.08 mm/yr
uplift or river incision rate was calculated for this part of
Cappadocia during the last 2.7 Myr.
Acknowledgments
This study was partially supported by the Turkish Scientific
and Technological Research Council (TÜBİTAK), Project
number 112Y153. The authors would like to thank Gökhan
Atıcı, Ali Koçyiğit, Okşan Başoğlu, Ayhan Yiğit and the
anonymous reviewers for their helpful and constructive
remarks, which greatly improved the manuscript.

References
Akkan E (1970). Geomorphology of the Kızılırmak Valley. Publications
of the Faculty of Language and History–Geography of Ankara
University 191. 158 pp., Ankara. (in Turkish)
Atıcı G, Schmitt AK, Friedrichs B, Sparks S, Danišík M et al. (2019).
Ages and glass compositions for paired large-volume eruptions
from the Acigöl volcanic complex, Cappadocia (Turkey).
Mediterranean Geoscience Review 1:167-178.
Avşin-Görendağlı N (2011). Kızılırmak şekilerinin oluşumunda
iklim ve tektoniğin rolü, Avanos. Coğrafi Bilimler Dergisi 9:
221-238. (in Turkish)
Aydar E, Çubukçu HE, Şen E, Akın L (2013). Central Anatolian
Plateau, Turkey: incision and paleoaltimetry recorded by
volcanic rocks. Turkish Journal of Earth Sciences 22: 739-746.
Aydar E, Schmitt AK, Çubukçu HE, Akın L, Ersoy O et al. (2012).
Correlation of ignimbrites in the central Anatolian volcanic
province using zircon and plagioclase ages and zircon
compositions. Journal of Volcanology and Geothermal
Research 213-214: 83-97.

1112

Berndt C, Yıldırım C, Çiner A, Strecker M, Ertunç G et al. (2018).
Quaternary uplift of the northern margin of the Central
Anatolian Plateau: new OSL dates of fluvial and delta-terrace
deposits of the Kızılırmak River, Black Sea coast, Turkey.
Quaternary Science Reviews 201: 446 -469.
Çiner A, Doğan U, Yıldırım C, Akçar N, Ivy-Ochs S et al. (2015a).
Quaternary uplift rates of the Central Anatolian Plateau,
Turkey: insights from cosmogenicisochron-burial nuclide
dating of the Kızılırmak River terraces. Quaternary Science
Reviews 107: 81-97.
Çiner A, Aydar E, Sarıkaya MA (2015b). Volcanism and evolution
of landscapes in Cappadocia. In: Beyer, D., Henry, O., Tibet,
A. (editors). La Cappadoce Méridionale; de la préhistoire a la
période byzantine. İstanbul, Turkey: Institut Français d’Etudes
Anatoliennes, pp. 1-15.
Doğan U (2010). Fluvial response to climate change during and
after the Last Glacial Maximum in Central Anatolia, Turkey.
Quaternary International 222: 221-229.

DOĞAN and ŞENKUL / Turkish J Earth Sci
Doğan U (2011). Climate-controlled river terrace formation in the
Kızılırmak Valley, Cappadocia section, Turkey: Inferred from
Ar–Ar dating of Quaternary basalts and terraces stratigraphy.
Geomorphology 126: 66-81.

Mues-Schumacher U, Schumacher R, Viereck-Götte LG, Lepetit P (2004).
Areal distribution and bulk rock density variations of the welded
İncesu ignimbrite, Central Anatolia, Turkey. Turkish Journal of
Earth Sciences 13: 249-267.

Doğan U, Şenkul Ç, Yeşilyurt S (2019a). First Paleo-Fairy Chimney
Findings in the Cappadocia Region, Turkey: a Possible
Geomorphosite. Geoheritage 11: 653-664.

Özsayın E, Çiner A, Rojay B, Dirik K, Melnick D et al. (2013). PlioQuaternary extensional tectonics of the Central Anatolian Plateau:
a case study from the Tuz Gölü Basin, Turkey. Turkish Journal of
Earth Sciences 22: 691–714.

Doğan U, Koçyiğit A, Yılmaz E (2019b). Geomorphological
evolutionary history of the Melendiz River Valley, Cappadocia,
Turkey. Mediterranean Geoscience Reviews 1: 203-222.
Göz E, Kadir S, Gürel A, Geology, Eren M (2014). Mineralogy,
geochemistry, and depositional environment of a Late Miocene/
Pliocene fluviolacustrine succession, Cappadocian Volcanic
Province, central Anatolia, Turkey. Turkish Journal of Earth
Sciences 23: 386-411.
Gürbüz A, Saraç G, Yavuz N (2019). Paleoenvironments
of the Cappadocia region during the Neogene and Quaternary,
central Turkey. Mediterranean Geoscience Reviews 1: 271-296.
Higgins M, Schoenbohm LM, Brocard G, Kaymakçı N, Gosse JC et
al. (2015). New kinematic and geochronologic evidence for
the Quaternary evolution of the Central Anatolian fault zone
(CAFZ): Tectonics 34: 2118-2141.
Innocenti F, Mazzuoli R, Pasquaré G, Radicati di Brozolo F, Villari L
(1975). The Neogene calc-alkaline volcanism of Central Anatolia:
geochronological data on Kayseri–Niğde area. Geological
Magazine 112: 349-360.
Koçyiğit A, Doğan U (2016). Strike-slip neotectonic regime and
related structures in the Cappadocia region: a case study in the
Salanda basin, Central Anatolia, Turkey. Turkish Journal of Earth
Sciences 25: 393-417.
Le Pennec J-L, Bourdier J-L, Froger J-L, Temel A, Camus G et al. (1994).
Neogene ignimbrites of the Nevsehir Plateau (Central Turkey),
stratigraphy, distribution and source constraints. Journal of
Volcanology and Geothermal Research: 63, 59-87.
Le Pennec J-L, Temel A, Froger J-L, Şen E, Gourgaud A et al.
(2005). Stratigraphy and age of the Cappadocia ignimbrites,
Turkey: reconciling field constraints with paleontologic,
radiochronologic, geochemical and paleomagnetic data. Journal
of Volcanology and Geothermal Research 141: 45-64.
Lepetit P, Viereck L, Piper JDA, Sudo M, Gürel A et al. (2014). 40Ar/39Ar
dating of ignimbrites and plinian air-fall layers from Cappadocia,
Central Turkey: Implications to chronostratigraphic and Eastern
Mediterranean palaeoenvironmental record. Chemie der Erde
74: 471-488.
Meijers MJM, Brocard GY, Cosca MA, Lüdecke T, Teyssier C et al.
(2018). Rapid late Miocene surface uplift of the Central Anatolian
Plateau margin. Earth and Planetary Science Letters 497: 29-41.
Meijers MJM, Brocard GY, Whitney DL, Mulch A (2020).
Paleoenvironmental conditions and drainage evolution of the
central Anatolian lake system (Turkey) during late Miocene to
Pliocene surface uplift: Geosphere 16: 1-20.

Pasquaré G (1968). Geology of the Cenozoic volcanic area of central
Anatolia. Atti Accademia Nazionale dei Lincei 9, 55-204.
Pasquaré G, Poli S, Vezzoli L, Zanchi A (1988). Continental arc volcanism
and tectonic setting in Central Anatolia, Turkey. Tectonophysics
146: 217-230.
Piper JDA, Gürsoy H, Tatar O (2002). Palaeomagnetism and magnetic
properties of the Cappadocian ignimbrite succession, central
Turkey and Neogene tectonics of the Anatolian collage. Journal of
Volcanology and Geothermal Research 117: 237-262.
Piper JDA, Koçbulut F, Gürsoy H, Tatar O, Viereck L et al. (2013).
Paleomagnetism of the Cappadocian volcanic succession, Central
Turkey: major ignimbrite emplacement during two short (Miocene)
episodes and Neogene tectonics of the Anatolian collage. Journal of
Volcanology and Geothermal Research 262: 47-67.
Şen E, Kürkçüoğlu B, Aydar E, Gourgaud A, Vincent PM (2003).
Volcanological evolution of Mount Erciyes stratovolcano and
origin of Valibaba Tepe ignimbrites (Central Anatolia, Turkey).
Journal of Volcanology and Geothermal Research 125: 225–246.
Temel A, Gündoğdu MN, Gourgaud A, Le Pennec J-L (1998). Ignimbrites
of Cappadocia (Central Anatolia, Turkey): petrology and
geochemistry. Journal of Volcanology and Geothermal Research
85: 447-471.
Toprak V (1994). Central Kızılırmak fault zone: northern margin of
Central Anatolian volcanics. Turkish Journal of Earth Sciences 3:
29–38.
Viereck-Goette L, Lepetit P, Gürel A, Ganskow G, Çopuroğlu İ et al.
(2010). Revised volcanostratigraphy of the Upper Miocene to
Lower Pliocene Urgup Formation, Central Anatolian volcanic
province, Turkey. In Groppelli G, Viereck-Goette L, (editors).
Stratigraphy and Geology of Volcanic Areas: Geological Society of
American Bulletin Special Paper 464: 85-112.
Yavuz-Işık N, Toprak V (2010). Palynostratigraphy and vegetation
characteristics of Neogene continental deposits interbedded
with the Cappadocia ignimbrites (Central Anatolia, Turkey).
International Journal of Earth Sciences 99:1887-1897.
Yıldırım C, Melnick D, Ballato P, Schildgen TF, Echtler H et al. (2013).
Differential uplift along the northern margin of the Central
Anatolian Plateau: inferences from marine terraces. Quaternary
Science Reviews 81:12-28.
Yıldırım C, Schildgen TF, Echtler H, Melnick D, Strecker MR (2011).
Late Neogene and active orogenic uplift in the Central Pontides
associated with the North Anatolian Fault: Implications for
the northern margin of the Central Anatolian Plateau, Turkey:
Tectonics 30: 1-24.

Mues-Schumacher U, Schumacher R (1996). Problems of stratigraphic
correlation and new K–Ar data for ignimbrites from Cappadocia,
central Turkey. International Geological Reviews 38: 737-746.

1113

